Introduction
In this article we analyse the evolution of several genes coding for decarboxylases, some with different substrate specificity, in different taxonomic lineages. These genes provide an informative evolutionary model because of their presence in all multicellular organisms, and because duplications with posterior acquisition of new functions are frequent (Jackson, 1990) . The decarboxylase genes are of particular interest because, in addition to their catalytic role in amino acid synthesis, they are involved in the synthesis of neurotransmitters and in morphology (synthesis of flexible and rigid cuticle in Drosophila). Our interest focuses on the tempo of their evolution.
The decarboxylases catalyse the decarboxylation of amino acids. Different types of decarboxylases are characterized by their different substrates. Dopa decarboxylase or aromatic L L -amino decarboxylase (DDC) (EC 4.1.1.28) catalyses the decarboxylation of L L -dopa to dopamine and 5-hydroxytryptophan to serotonin. DDC is expressed in the central nervous system of animals; in mammals, it is also expressed in other tissues, such as the liver and kidney, with different regulation (Albert et al., 1992) . In Drosophila melanogaster, DDC is essential for the sclerotization of pigmented cuticle (Wright, 1996) and is encoded by a unique gene (Ddc), alternatively spliced in different tissues (Morgan et al., 1986) . The a-methyldopa hypersensitive (amd) gene in Drosophila arose from a Ddc duplication, and it is closely linked to Ddc (Eveleth & Marsh, 1986) . The amd gene is particularly active in the production of specialized flexible cuticles in the developing embryo, and it is also expressed in the central nervous system of D. simulans but not in D. melanogaster (Wang et al., 1996) . Histidine decarboxylase (HDC) (EC 4.1.1.22) is another enzyme responsible for neurotransmitter synthesis (histamine) in mammals; it is expressed in the brain and other tissues such as glandular regions of the stomach, mast cells and fetal liver. Aromatic amino acids are important precursors of numerous secondary products in higher plants. The enzymes tryptophan decarboxylase (WDC) (EC 4.1.1.28) and tyrosine decarboxylase (YDC) (EC 4.1.1.25) are implicated in the biosynthesis of alkaloids and have critical regulatory functions because they connect primary to secondary metabolism (Marques & Brodelius, 1988) . WDC has also been designated as TrpDC or TDC; similarly, YDC has occasionally been named TDC. We will use the acronyms with the international one-letter code for amino acids. Plant decarboxylases have a high substrate specificity. WDC only decarboxylates L L -tryptophan and 5-hydroxy-L L -tryptophan, but is inactive with L L -tyrosine and L L -phenylalanine. However, YDC accepts L L -tyrosine and L L -dopa (3,4-dyhidroxy-L L -phenylalanine), whereas in insects and mammals DDC has a broader substrate specificity: L L -dopa, tyrosine, phenylalanine, and tryptophan. The decarboxylase genes are evolutionarily related. Joseph et al. (1990) isolated and sequenced an Hdc gene in the rat and found that the HDC amino acid sequence is highly similar to DDC sequences of the rat or Drosophila. The rat protein shows approximately 60% sequence identity with the HDC from Drosophila that was isolated by Burg et al. (1993 ). De Luca et al. (1989 cloned and sequenced a cDNA that coded for the WDC enzyme in the gentianal Catharanthus roseus (Madagascar periwinkle), which exhibited 39 and 35% amino acid identity with the DDC and AMD sequences of D. melanogaster, respectively, with smaller similarities with other mammalian decarboxylases (glutamate and ornithine). Among paralogous plant genes, the YDC of Petroselinum crispum (parsley) shows 57% identity to the WDC of C. roseus (Kawalleck et al., 1993) .
The Ddc gene has been useful for establishing phylogenetic relationships in animals (Friendlander et al., 1994) , and has been used in the Simuliidae (Moulton, 2000) and Drosophilidae (Tatarenkov et al., 1999 (Tatarenkov et al., , 2001 families of Diptera, and the Saturniidae (Friendlander et al., 1998) , Noctuidae (Fang et al., 1997 (Fang et al., , 2000 and Sphingidae (Regier et al., 2001 ) families of Lepidoptera. More generally, the decarboxylase genes, because of their multiplicity, might seem appropriate to determine the time of evolutionary events in plants as well as in animals, which would assume the molecular clock hypothesis.
Hence, we tested the constancy of evolutionary rates of decarboxylase genes (orthologous as well as paralogous) in this article.
Materials and methods
We first analysed by dot-plot comparisons 82 gene sequences available in the GenBank/EMBL databases, including the 44 sequences listed in Table 1 , plus 29 genes coding for glutamic acid decarboxylase in animals, plants, fungi and bacteria, and nine genes coding for histidine decarboxylase in plants and bacteria. We unsuccessfully sought to obtain a satisfactory alignment of all the amino acid sequences encoded by these genes. The dot-plot comparisons used a matching of 11 nucleotides in windows of 20 nucleotides with the DNA-ACD program (Sá enz de Miera, unpublished). Some dot-plot comparisons between paralogous genes show little similarity (see two examples in Fig. 1 ). We selected sequences showing a clearly defined diagonal with the human Ddc gene. In order to avoid excessive representation of the extensively studied Lepidoptera and Diptera, we selected only sequences with more than 1000 bp, including four lepidopteran and eight dipteran sequences.
Sequences of Takifugu rubripes and Anopheles gambiae were obtained by searching the Joint Genome Institute (JGI) and National Center for Biotechnology Information (NCBI) databases respectively, using the BLAST programs (Altschul et al., 1990) . The Anopheles genes show automated annotations but with the Takifugu genes we needed to determine the position of the intron-exon splicing signal by manual comparison with other decarboxylase genes.
The final data set is shown in We initially aligned the protein sequences using standard parameters of the ClustalX 1.8 software (Thompson et al., 1997) , and readjusted then manually with the GeneDoc 2.6.002 program (Nicholas & Nicholas, 1997) . Gaps and doubtful positions, including complete triplets, were deleted with aid of the Gblocks (Castresana, 2000) and GeneDoc programs.
Phylogenetic analyses were done by means of the PHYLIP 3.5 (Felsenstein, 1993) and PAML 3.1 (Yang, 1997) packages. We followed the maximum-parsimony (Fitch, 1971 ) DNAPENNY method, based on the branchand-bound method, for phylogenic analysis. A 500 bootstrap resampling (Efrom & Gong, 1983 ) was performed using the DNABOOT method. The different trees obtained by the DNAPENNY method were compared using the CONSENSE procedure to obtain an unique tree. The maximum parsimony tree and other trees that showed some probability of being correct by the bootstrap analysis (only the nodes presents in more of 75% of the bootstrap trees were considered), were then evaluated with maximum likelihood statistical methods (ML; Felsenstein, 1981) . The different topologies were statistically compared using the PAML package for calculating the bootstrap proportions following the RELL method of Kishino & Hasegawa (1989) (KH test) , as well as the method of Shimodaira & Hasegawa (1999) (SH test) , with a correction for multiple comparisons.
The ML analysis was performed with the BASEML program (Yang, 1997) , assuming among-site rate heterogenity, using the discrete-gamma approximation of Yang (1996) with eight equally-probable categories of rates and the general time-reversible Markov process model (REV; Yang, 1994) and the nested case of the TN93 model (Tamura & Nei, 1993) . To test the fit to the models or molecular clock hypothesis, we performed a likelihood ratio test (Felsenstein, 1981; Ota et al., 2000; and references therein) .
The number of substitutions per site from a sequence to a dated node was determined as a sum of branch lengths along a path in the phylogenetic tree.
Results
We first performed partial phylogenetic analyses in order to determine evolutionary relationships within sets of homologous or paralogous genes, using in each case an unrelated sequence as outgroup. Figure 2 shows the best partial topologies obtained with the maximum likelihood (Facchini & De Luca, 1994) ; 37 tydc9 (Facchini et al., 1998) ; 38 and 39, TryDC-2 and TryDC-4, (Kawalleck et al., 1993) ; 36 and 37, tdc1 and tdc2 (Ló pez-Meyer & Nessler, 1997). Sequence 44 has been identified as showing strong similarity to tryptophan decarboxylase, aromatic amino-acid decarboxylase-like protein in the GenBank/EMBL databases.
implementation of Yang's REV model, and using either all three codon bases. Table 2 gives the rank of the different topologies obtained using either all three codon bases ('123'), or only the first two bases ('12', which excludes the synonymous, easily saturated third base of codons). In our analysis the REV model is not rejected in favour of the TN93 model. (Data not shown; the minor deviance between models is in the C data set, when all three codon bases are used, but the probability of accepting the TN93 hypothesis is very low, likelihood ratio test deviance D 3 ¼ 31.329, P ¼ 7.2 · 10 )7 ).
The molecular clock hypothesis that the rate of a gene's evolution is constant through time and across lineages can be rejected in all cases, except the Hdc data set (C in Fig. 2) , when only the first two bases are used, for which the probability of not rejecting the clock hypothesis is D 5 ¼ 6.592, P ¼ 0.253. The molecular clock hypothesis can not be rejected either for the D data set (Fig. 2) , when the three codon bases are used
The Hdc data set (C in Fig. 2 ) is the only case in which one phylogenetic hypothesis is significantly better than all others (see Table 2 ). In all other data sets, there are three or more topologies that are statistically equivalent. Notice also that the best topology is not always the same when using all three or only the first two codon bases; the exception is the amd data set, for which tree 1 is best in both cases and it is significantly better than the others when the three codon bases are used ( Fig. 2e and Table 2 ).
The three mammal orders represented in the Ddc data set (Fig. 2a) are connected through internal nodes that are statistically different from zero, which is inconsistent with a star topology. Tree 2 in Table 2 is the topology selected for the global analysis encompassing all Table 1 . Little similarity can be detected between animal Gad and Ddc. 1,(2,3) ),(6,(4,5))),7),8) 4* 4* 5 (((1,((2,3),(6,(4,5)))),7),8) 5* 3 6 (( (((1,(4,5) ),6),(2,3)),7),8) 6 8**7 (( (((1,(2,3) ((40,44) , (CAM, ((38, 39) , ((PAP,34),32)))),1) 1 2 2 (((40,44), (CAM, (((32, 34) , PAP),(38,39)))),1) 2 1 3 ((CAM, ((40,44) , ((38,39) , ((PAP, 29) ,32)))),1) 3 4* 4 ((CAM, ((40,44),(((32,34) , PAP),(38,39)))),1) 4 3 5 (((CAM,44), (((38,39) ,40), ((PAP,34),32))), 1) 5^^^+ ++ *** 5^^^+ ++ ***
The tree numbers on the left column are for identification. The numbers under 'Tree topology' refer to the sequences in The numbers on the two right columns reflect the likelihood order, from best (1) to worst (8).
The label '123' refers to all three nucleotides in codons; '12' refers to the first two nucleotides. Data sets A-F refer to Fig. 2 . Two numbers on the top right for each data give the alignment length and the value of a for the REV model.^,^^,^^^significantly worse than the best topology at P < 0.05, P < 0.01, and P < 0.001, respectively (KH test); ++,+++ significantly worse than the best topology at P < 0.01, and P < 0.001 (SH test); *, **, *** indicate P < 0.05, P < 0.01, and P < 0.001 bootstrap value (pKH, pSH and pRELL in Yang, 1997) .
Complex evolution of decarboxylase genes 59 44 sequences (Fig. 3) . Tree 2 is the best topology when only the first two codon bases are considered (Table 2) , and it is also the topology obtained by Nikaido et al. (2001) . The position of Bombyx mori (20 in Table 1 ) varies among the topologies of insect Ddc genes (Table 2 and Fig. 2b) . Topology 3 corresponds to the accepted taxonomical classification of Lepidoptera. This topology is significantly worse than 1 (although we will use this relationship for the global analysis in Fig. 3) . The relationships among the three insect orders represented in our data are not statistically completely resolved. The phylogeny showing Lepidoptera and Coleoptera as sister groups (tree 6, Table 2 ) is statistically rejected when the three codon bases are considered, but it is not possible to decide between Diptera and Lepidoptera as sister groups (trees 1-3) or Diptera and Coleoptera as sister groups (trees 4-5).
The D data set (Fig. 2 ) was designed to determine the evolutionary relationships of the Nematoda Ddc-like genes (22 and 23 in Table 1 ) to other decarboxylase genes. Topology 1 (Table 2) indicates an origin of the Nematoda prior to the duplication of the Ddc and Hdc genes, present in vertebrate and insects. This topology is best when all three bases are considered, but it is not significantly better than other topologies. For the global analysis (Fig. 3) we use topology 3, which is the best when only the first two codon bases are taken into account.
The amd gene (sequences 30 and 31) is phylogenetically associated with Ddc rather than with Hdc, when all three codon bases are taken into account ( Fig. 2e and Table 2 ), it is resolved that the duplication occurred before (topologies 1 and 3) but not after (topology 2 is rejected in Table 2 ) the divergence of the insects orders (Diptera and Coleoptera), moreover the duplication is posterior to the divergence between insects and humans. When only the two first bases are considered, other topologies also are statistically possible; in these topologies, amd would be a sister sequence to the Hdc genes (4), or would have diverged from all other sequences before the divergence between Hdc and Ddc (5).
The plant decarboxylase genes (Fig. 2f) leave an unresolved question, namely, the position in the tree of Thalictrum flavum (yellow meadow-rue) Ydc gene (32): whether as a sister sequence to Papaver somniferum genes (opium poppy, 33-37) (topologies 2 and 4) or as an outgroup to them (topologies 1 and 3). There is also an odd result: the two Arabidopsis thaliana presumptive paralogous genes, Ydc and Wdc (40 and 44) are more closely related to one another than they are to any Ydc or Wdc for any other species in all topologies which have probability greater than 0.001.
The parameter a of the gamma distribution varies in the different partial data sets. Vertebrate and insect Ddc data sets (Fig. 2a,b respectively) yield values next or <0.5, which denotes large variation in the substitution rate among sites. When phylogenetically distant species are added (insects with mammals or the paralogous Ddc and Hdc), the a parameter increases, becoming close to 1 for the data sets in Fig. 2d ,e, implying that all sites have similar substitution probabilities. The Hdc data set (Fig. 2c) also yields a close to unity, i.e., little substitution variation among sites when only the first two codon bases are considered. Intermediate values are obtained for the plant genes (a ¼ 0.61 and 0.87, data set E, Table 2 ).
The GC content in the third codon base may influence the estimated branch lengths and the statistical support for the topologies. When the distance between sequences is large, substitutions may be saturated and the GC content reflect tendencies unrelated to phylogenetic distances, introducing errors in parameter estimation. The GC content in third codon bases varies between 29% in yellow meadow-rue Ydc (sequence 32) and 86% in A. gambiae Ddc (15). This problem is largely avoided if one only considers the first and second codon bases, in which case the GC content narrowly ranges from 45% in Arabidopsis Wdc (44) to 53% in Drosophila amd (30). Therefore, we will focus on the analyses that only involve the first two codon bases. With the exception of Lepidoptera Ddc (Fig. 2b) , where we accept the standard taxonomic classification, we use the best topologies obtained with the first two codon bases (see Table 2 ) for the global analysis of the decarboxylase genes presented in Fig. 3 and Table 3 . The phylogenetic tree used to estimate rates of evolution is shown in Fig. 3 . The topology is derived from the partial analyses just reviewed. The likelihood of this phylogenetic tree is )10034 with the REV substitution model. This topology is much more probable than the topology that includes polytomies in doubtful nodes (P ¼ 0.010 with the KH test or 0.024 with SH test). A global molecular clock is not assumed, given that the partial analyses lead to rejection of this hypothesis (the likelihood of the tree obtained assuming a molecular clock is )10098,
)16 with all 44 sequences).
The parameter a is 0.85 for the tree in Fig. 3 , indicating that there is not a strong variation in substitution rate among sites; a ¼ 0.57 when the three codon bases are considered, reflecting the larger variation in substitution probability in the third codon base.
Twelve internal branches have lengths not significantly different from zero (solid circles in Fig. 3 ). In order to estimate evolutionary rates, we have dated the nodes for which the date of divergence of the orthologous sequences is known. The times used are displayed in Fig. 3 , obtained, with some modifications, from Nikaido et al. (2001) for vertebrate (nodes a-e) and Ayala (1997) for Diptera, insects orders, and animal phyla (nodes f-k). Table 3 shows the average number of nucleotide substitutions per site between pairs of sequences (or sets of sequences), as well as the times of divergence when known and the corresponding evolutionary rates. The rates show a broad variation (1.81 substitutions ·10 )10
per site per year between Hdc mammalian orders vs. higher than 7.4 between Ddc Drosophila subgenera, dipteran families, and between Ddc and amd). The rate of evolution of Hdc is generally slower than Ddc (1.81 vs. 3.78 for comparisons between mammal orders, but 3.16 vs. 3.98 or 3.84 between vertebrates and insects).
When the amd and/or nematode sequences are not included, the number of substitutions per site decreases, because these sequences have evolved faster than the rest (see Fig. 3 , branches to 30, 31, 22 and 23). Ydc and Wdc show much less divergence between the Arabidopsis sequences than in other plants (110 vs. 201 respectively, Table 3 ). But the two Arabidopsis genes are very different from either gene in any other plant (227; see also Fig. 3) . Figure 4 displays the substitution rates for selected taxa. Substitutions are obtained by adding those along the branches from each sequence to the relevant node in Fig. 3 (Thus, they are different from the rates in Table 3 , which use the average distances between any two sequences, or sets of sequences, which assume the molecular clock for the sequences compared in each particular case). The top graph shows great variation in evolutionary rates. The mammal rate differs by more than a factor of two between the two paralogous genes (4.13 vs. 1.95), and the dipteran rate is nearly four times as large as the mammal Hdc rate (7.62 vs. 1.95). In the bottom graph, which encompasses a longer time interval, the Ddc rate is greater than the Hdc rate (4.05 vs. 2.98).
The insect rates are much lower for coleopterans (sequence 17) than for dipterans (sequences 8-16), as is apparent in the branch length differences of Fig. 3 , and by the numbers over the branches in Fig. 5 . Also, the Anopheles rate is much lower than the Aedes rate, as is apparent in Fig. 3 (sequences 15 and 16 respectively) .
The branch lengths in Fig. 5 (top) are proportional to time; the coleopteran rate is 2.1 and the lepidopteran rate is 4.4, both lower than the rates prevailing along the dipteran branches. Rate variations along time are displayed in Fig. 5 , bottom, for three particular lineages. The D. melanogaster rate varies from 6.6 (during the last 55 Myr) to more than 40 (between 55 and 65 Myr), and then to 4.3 or 3.7 (between 120 and 600 Myr). Less variation occurs in the rat Hdc lineage (between 1.3 and Fig. 4 Rates of nucleotide evolution in decarboxylase genes. Nucleotide substitutions are obtained for each sequence by adding the substitutions in each branch from the sequence to the relevant node in Fig. 3 . Notice different scales in the two graphs. Rates are ·10 )10 substitutions per site per year (times as shown in Fig. 3) . Top: n insects, s mammal Ddc, d mammal Hdc. Dipteran Ddc sequences 8-14 to divergence nodes, successively e, f, g, h; mammal Ddc sequences 1-6 to nodes a, b, c, d; mammal Hdc sequences 24-26 to nodes a and d. Bottom: s Ddc, d Hdc. Ddc sequences 1-21 to node k and insect sequences to node j and vertebrate sequences to node e; Hdc sequences 24-29 to node k and vertebrate sequences to node e. The slopes of the regression lines correspond to rates. 4.4), and virtually none in the rat Ddc lineage. All rates are substitutions ·10 )10 per site per year (But notice in Fig. 5 , bottom, the different scales used, on the right, for insects, and on the left for mammals).
Discussion Jackson (1990) found similarity between four decarboxylase proteins obtained from a total of five species: DDC, AMD and GAD, each from one or two animal species, plus one plant WDC and one bacterial HDC. The degree of similarity favoured the interpretation of the proteins being homologous. We have failed to obtain reliable alignments among all the decarboxylase genes currently known. As shown in Fig. 1 , dot-plot analysis fails to detect a clear diagonal, for example, between Ddc (human) and Gad (D. melanogaster), whereas nucleotide similarity is clearly detected between plant Wdc (Arabidopsis) and human Ddc. We have limited our study to Ddc, Hdc and amd in animals, plus Wdc and Ydc in plants, which manifested detectable similarity by dot-plot analysis. These genes may have arisen by ancient duplication events, preceding in some cases the time of divergence between plants and animals, as suggested by the observation of lower similarity between animal Gad and Ddc than between animal Ddc and plant Wdc (Fig. 1) . Our results suggest that the Wdc Ydc duplication in plants occurred before the Cretaceous radiation of the eudicotyledonae orders, assuming the phylogenetic relationships proposed by Soltis et al. (1999) . The one incongruous result is the relationship between Arabidopsis Ydc and Wdc, which would have occurred after the divergence between Arabidopsis and the other plants (see Fig. 3 and notice that topology 5 in Table 2 , F, which places each Arabidopsis gene with the genes of similar function in other plants, is statistically unacceptable; P < 0.001).
Wdc and Ydc have each recently duplicated in some plant lineages. Kawalleck et al. (1993) isolated various cDNAs coding for YDC in P. crispum, and determined that there are three genes coding for this enzyme. There is a gene family coding for YDC in P. somniferum that consists of 10-14 members (Facchini & De Luca, 1994) . YDC is implicated in the biosynthesis of isoquinoline alkaloids including morphine and codeine. WDC catalyses the synthesis of tryptamine, which is involved in the accumulation of the monoterpene indole alkaloid camptothecin in Camptotheca acuminata (Ló pez-Meyer & Nessler, 1997) . A recent duplication in Camptotheca has produced two different Wdc genes, with different regulation that play a chemical role in the defense against pathogens and herbivores.
It is not possible to determine when the Wdc Ydc duplication occurred in plants, because of lack of relevant well-timed phylogenetic events, which impedes the estimation of evolutionary rates. In any case, the average number of nucleotide substitutions per site in Ydc is 0.167, considerably less than in Wdc, where it is 0.235 (Arabidopsis is not included in these estimates).
The Ddc Hdc duplication in animals is older than the insect/vertebrate divergence, given that both genes are present in mammals, fish and diptera. The origin of the two Ddc genes in Caenorhabditis is unclear (sequences 22 and 23). According to the phylogeny shown in Fig. 3 , which is the best one when only first and second bases are considered, these genes are orthologous to Hdc, and diverged from humans and insects before these diverged from one another, consistent with commonly accepted taxonomy. This is contrary to the proposal of Aguinaldo et al. (1997) , who place the nematodes as a sister group of the insects, a hypothesis not favoured by our results (trees 4 and 5 in Table 2 , D). The question arises of why there are not two genes in C. elegans, corresponding to the ancient Hdc Ddc duplication. No other sequences similar to D. melanogaster Ddc are found in the database of the C. elegans complete genome. One possibility is that the Hdc Ddc duplication occurred after the evolutionary divergence of the nematodes. Alternatively, one of the two genes may have been lost or so extensively modified than it cannot be identified in the C. elegans genome. An anomalous situation involves the amd genes (sequences 30 and 31), found so far only in Drosophila and Anopheles. This gene is closely linked to Ddc in D. melanogaster (about 5 kb apart), but not so in Anopheles, where the distance is >50 kb. The most likely phylogeny ( Fig. 2e and Table 2, E; see also Fig. 3) shows amd diverging from insect Ddc before the divergence of Coleoptera and Lepidoptera from Diptera. This would imply a duplication > 400-Myr old. But amd seems to have evolved faster than other Ddc genes, whether in insects or vertebrates (see long branches of 30 and 31 in Fig. 3) , with an evolutionary rate of 0.387 and 0.361 (Drosophila and Anopheles) substitutions, compared with the 0.236 average of insect Ddc (These rates are estimated from the present to the node joining amd and insect Ddc). The metabolic role of amd in Drosophila is known (Wang et al., 1996) . It is involved in the formation of the clear, flexible cuticle (although Ddc is involved in the coloured, hard cuticle) and retains a function in neurotransmitter synthesis in D. simulans that has been lost in D. melanogaster. It might be that the partial loss of function of amd in D. melanogaster would account for its fast evolutionary rate, a hypothesis that can be tested by studying its evolutionary rate in D. simulans. Also, the rapid rate of amd evolution may contribute to its apparent early branching from insect Ddc.
The rates of evolution of the decarboxylase genes is quite heterogeneous, more than one would expect from a stochastic molecular clock, similar to findings in other genes (Ayala, 1999; Rodríguez-Trelles et al., 2001 , 2003 and references there in) . In insects the rates range from 1.9 for the last 65 Myr of Chymomyza (sequence 13) to 41.9 and 54.9 for the intervals f-g and g-h of Fig. 3 (see Fig. 5 ). These two high rates can be reduced by increasing the two time intervals above the assumed 5 Myr for each (see Fig. 3 ), but this would lead to increases in the already high rates of the D. melanogaster and D. willistoni lineages (6.6 and 6.8, Fig. 5 ) and/or in the ancestral lineage common to D. virilis and D. busckii (11.9).
The two paralogous genes, Ddc and Hdc, evolve in mammals at different rates (4.13 and 1.95 in Fig. 4) . Changes in evolutionary rates between the paralogous products of the gene duplications are frequently observed (Ayala, 1999) . For example, among serum albumin genes in mammals, the rate differs by a factor of two for albumin and by a factor of seven for a-fetoprotein (Gibbs et al., 1998) . In the shrimp Artemia, the number of amino acid differences between homologous domains of the two polypeptides that make up the functional hemoglobin range from 6.4% (domain 7) to 17.3% (domain 6) (Matthews et al., 1998) . Figure 5 bottom shows temporal variation in evolutionary rates for three selected lineages. In Drosophila (sequences 8 to 11), the apparent rate of evolution increases enormously between 55 and 65 Myr ago, and then gradually decreases until the time of divergence of the arthropod and chordate phyla, some 600 Myr ago. The Hdc rat lineage exhibits variation across time, but the Ddc gene does not (Notice in Fig. 5 , bottom, that the scales are different between the rat genes, scale on the left, and the melanogaster gene, scale on the right).
Differences in evolutionary rates between paralogous genes may come about as a consequence of differences between newly acquired functions, and thus of different responses to selective pressure. Rate differences between evolutionary lineages have some time been attributed to generation-time or population-size effects. But the temporal variation in the evolutionary rates of different genes in the same lineages (as observed in mammalian Ddc and Hdc genes or in Drosophila Ddc genes) can hardly be explained by these subsidiary hypotheses. These hypotheses break down, in any case, when two or more genes are observed in precisely the same lineages, such as Cu, Zn superoxide dismutase (SOD) and glycerol-3-phosphate dehydrogenase proteins (GPDH) (Ayala, 1997) . GPDH evolves very slowly in Drosophila, much faster in mammals (1.1 vs. 5.3 · 10 )10 amino acid replacements per site per year), whereas SOD evolves at about the same rate in both lineages (16.2 vs. 17.2). Heterogeneous rates across lineages or through time have been observed in a set of nine genes, varying across the three multicellular kingdoms (Rodríguez-Trelles et al., 2003) ; among numerous genes in Drosophila siblings species (Takano, 1998) , the nuclear large subunit rRNA gene in Daphnia laevis and other daphniids (Omailian & Taylor, 2001 ) and numerous genes in the chloroplast genome of plants (see Gaut, 1998 and references therein). The general conclusion is that the molecular clock hypothesis of evolution must be applied with caution when used to estimate the times of divergence of different lineages, particularly when the estimated times are remote from the times used for calibrating the molecular clock, or when one extrapolates from one to another set of lineages (Ayala, 1999; Rodríguez-Trelles et al., 2001) .
